Background Modic changes are the MRI signal changes of degenerative lumbar vertebral endplate and which lead to or accelerate intervertebral disc degeneration. NLRP3, caspase-1, and interleukin-1b (IL-1b) play a pivotal role in the pathogenesis of many inflammatory diseases, such as osteoarthritis. However, the roles of IL-1b and its activators caspase-1 and NLRP3 are unclear in the degenerative endplate.
Questions/purposes We asked: (1) What are the degenerative changes of the histologic features and chondrogenic markers' gene expressions between the cartilaginous endplates of patients with Modic changes and trauma (control)? (2) How does the NLRP3/caspase-1/IL-1b axis in the cartilaginous endplates of patients with Modic changes compare with control (trauma) specimens? Methods Surgical specimens of cartilaginous endplates were divided into Modic changes (n = 56) and the trauma control (n = 16) groups. Hematoxylin and eosin and safranin O staining of cartilaginous endplate tissues were done to evaluate the extracellular matrix. Reverse transcription-polymerase chain reaction was performed on these tissues to investigate mRNA expression of type II collagen (Col II), SOX-9, matrix metalloproteinase-3, and a disintegrin like and metalloproteinase thrombospondin type I motifs-5. NLRP3, caspase-1, and IL-1b were evaluated by reverse transcription-polymerase chain reaction and immunohistochemistry. Results Hematoxylin and eosin and safranin O staining showed the extracellular matrix degraded in the cartilaginous endplates of patients with Modic changes but not in the control cartilaginous endplates. Chondrogenic Col II (p = 0.024) and SOX9 (p = 0.053) were downregulated in the Modic changes group compared with the control group. In contrast to the control group, the transcriptional levels of
Introduction
Low back pain is one of the most common health problems and is a major cause of work-related disabilities [12, 16] . The main cause of low back pain is intervertebral disc degeneration [1] . Vertebral endplate degeneration is strongly associated with intervertebral disc degeneration [29] and low back pain [17] . Degenerative lumbar vertebral endplate changes were first observed on MR images by de Roos et al. in 1987 [11] . They then were called Modic changes (named after MT Modic) [30] , and were classified in three types: Type I changes are hypointense on T1weighted imaging and hyperintense on T2-weighted imaging and indicate edema and hypervascularity in the lesions as confirmed histologically; Type II changes are hyperintense on T1-weighted imaging and isointense or hyperintense on T2-weighted imaging and reflect fatty replacement of the red bone marrow; and Type III changes are hypointense on T1-and T2-weighted imaging and represent subchondral bone sclerosis [28, 30] .
The vertebral endplate consists of an osseous endplate and cartilaginous endplate. The cartilaginous endplate is a thin layer of hyaline cartilage between the disc and the vertebral body. It is the main pathway for nutrient transport to the avascular disc and for metabolite transport away from the disc, therefore cartilaginous endplate degeneration potentially can cause or accelerate disc degenerative change [1] . The exact mechanism of cartilaginous endplate degeneration is unknown; however, research has shown that inflammatory mediators may play an important role in cartilaginous endplate degeneration [49] . Crock [10] showed that the diffusion of inflammatory factors from the nucleus pulposus may cause cartilaginous endplate inflammation and then degeneration. This was supported by two clinical studies [20, 26] , in which Modic changes in adjacent endplates were found after chemonucleolysis for patients with disc herniation. Ohtori et al. [33] found that tumor necrosis factor-immunoreactive cells in the cartilaginous endplates from patients with Modic changes seen on MRI were more common than in normal cartilaginous endplates. However, there have been few studies regarding the inflammatory mechanism of cartilaginous endplate degeneration [33, 48] .
The inflammatory cytokine interleukin-1b (IL-1b) is a common proinflammatory factor believed to be involved in osteoarthritis and intervertebral disc degeneration [2, 3, [22] [23] [24] . IL-1b is first synthesized as an inactive precursor to pro-IL-1b, which requires cleavage of its aminoterminal region by caspase-1 to change into the secreted active form. Caspase-1 activity is tightly controlled by innate immune complexes defined as inflammasomes. The NLR family member NLRP3 (NACHT, LRR, and PYD domains-containing protein 3), along with the adaptor protein ASC, can activate caspase-1 through inflammasome assembly and result in the secretion of mature IL-1b [42] . However, the role of NLRP3/caspase-1/IL-1b axis in lumbar cartilaginous endplate degeneration is unknown. If this axis is involved, it might be a target for specific therapy.
We therefore asked (1) What are the degenerative changes of the histologic features and chondrogenic markers' gene expression between the cartilaginous endplates of patients with Modic changes and trauma? (2) How does the NLRP3/caspase-1/IL-1b axis in the cartilaginous endplates of patients with Modic changes compare with control (trauma) specimens?
Patients and Methods
The study was approved by our institutional ethics review board. Briefly, written informed consent from each patient was obtained. Because we could not harvest true normal control specimens from live patients, we used human cartilaginous endplate specimens collected from young patients with vertebral burst fractures without degenerative change seen on MR images as the controls. Patients with low back pain and Modic changes observed on MR images, who underwent lumbar fusion surgery, were considered the experimental group (Table 1 ). The Modic changes group comprised 32 men and 24 women with a mean age of 58 years (range, 34-77 years). There were six patients with specimens from L3-L4, 33 with specimens from L3-L4, and 17 patients with specimens from L5-S1.Seven patients had Modic type I changes, 44 had type II changes, and five had type III changes. The trauma control group comprised 10 males and six females with a mean age of 26 years (range, 17-36 years). None of the patients in the control group had a history of low back pain. The cartilaginous endplate tissues were dissected carefully under magnification and subsequently treated according to the corresponding downstream experiments.
Cartilaginous endplate tissue was lysed in TRIzol 1 (Invitrogen Inc, Carlsbad, CA, USA) and total RNA was extracted with an RNeasy 1 Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's protocol. Complementary DNA was synthesized using 2 lg of RNA from each sample, 4 lL of 5 9 PrimeScript 1 RT Master Mix (Takara Bio, Otsu, Japan), and 8 lL of RNase-free distilled H2O in a total volume of 20 lL. Reverse transcription polymerase chain reaction (RT-PCR) was performed using SYBR 1 Green QPCR Master Mix (Takara Bio, Otsu, Japan) with a LightCycler (CFX TM Touch; Bio-Rad, Hercules, CA, USA). The total volume (20 lL) of each PCR reaction contained 10 lL Mix, 8 lL ddH 2 O, 1 lL cDNA and 10 lM of each of the forward and reverse primers ( Table 2 ). The PCR cycling consisted of 40 cycles of amplification of the template DNA. Because a recent study [51] showed that succinate dehydrogenase complex, subunit A is a comparably far more stable internal control gene than others tested in human cartilaginous endplate, our data were normalized to succinate dehydrogenase complex, subunit A, and relative quantification of gene expression was given as a percentage of succinate dehydrogenase complex, subunit A.
The proteins in cartilaginous endplate were extracted with radioimmune precipitation assay lysis buffer containing a protease inhibitor cocktail, after which the extracted proteins were resolved on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis gels and transferred to a polyvinylidene fluoride membrane (Bio-Rad) by electroblotting, and then blocked in 5% (w/v) nonfat milk for 2 hours at room temperature with constant agitation. After incubation with primary antibody of rabbit anti-NLRP3, anti-caspase-1, and anti-IL-1b (1:200; Abcam, Cambridge, MA, USA) overnight at 4°C, the secondary goat anti-rabbit horseradish peroxidase-conjugated antibody (CWBIO, Beijing, China) was added and incubated for 1 hour. Immunoreactive proteins were assayed by chemiluminescence (BeyoECL; Beyotime, Zhengzhou, China) and analyzed by Image J 1.49v software (Wayne Rasband, National Institutes of Health, Bethesda, MD, USA).
Cartilaginous endplates were fixed for 24 hours in 4% buffered paraformaldehyde, submerged in 10% EDTA for 1 month to decalcify, and embedded in paraffin. Every specimen was sectioned with a microtome at 4 lm thickness. Sections subsequently were stained with hematoxylin and eosin for cell density and morphology, and safranin Ofast green for proteoglycans and matrix degeneration. To examine the immunoreactivity of NLRP3, caspase-1, and IL-1b, sections were immunostained. Immunohistochemical study was performed using a histostain SABC kit (CWBIO) according to the manufacturer's instructions. Rabbit anti-NLRP3, anticaspase-1, and anti-IL-1b polyclonal antibodies immunoglobulin G (Abcam) were used for this study at a dilution of 1:150. Three pathologists (MJ, TZ, GXF), who were blind to the clinical data, were responsible for counting numbers of total chondrocytes and NLRP3, caspase-1, or IL-1b-positive chondrocytes under 10 high-power fields (magnification, 9 200) for each of the three sections in each specimen. The sections were recounted if the intraclass correlation coefficient was less than 0.8.
Statistical Analysis
The Mann-Whitney U test was used to assess changes in mRNA levels, band density of protein electrophoresis, and percentage of immunopositive cells between the Modic changes and the control groups. Data analyses were performed using SPSS 17.0 (SPSS Inc, Chicago, IL, USA). All values were expressed as mean ± SD. Probability values less than 0.05 were considered statistically significant.
Results

Degenerative Changes in Human Cartilaginous Endplates With Modic Changes
Hematoxylin and eosin staining showed homogenous extracellular matrix and small round chondrocytes in the control group versus fibrotic and sclerotic extracellular matrix and fewer chondrocytes in the Modic changes group (Fig. 1A-D ). Furthermore, a reduction in the glycosaminoglycan content was observed in the Modic changes group through safranin O staining ( Fig. 1E-H) . We then explored gene expression of the extracellular matrix. The chondrogenic markers Col II (1.0 ± 0.2 versus 0.5 ± 0.1, p = 0.024) and SOX9 (1.0 ± 0.2 versus 0.7 ± 0.2, p = 0.053) were downregulated in the Modic changes group compared with the control group ( Fig. 1I-J) . In contrast, a disintegrin like and metalloproteinase thrombospondin type I motifs (ADAMTS-5) (1.0 ± 0.3 versus 3.2 ± 0.4, p = 0.012) was upregulated in the Modic changes group, but no difference was found for matrix metalloproteinase-3 (1.0 ± 0.1 versus 1.6 ± 0.3, p = 0.061) ( Fig. 1K-L) . These results suggested that the extracellular matrix in the cartilaginous endplates of the Modic changes group was degraded. The transcriptional level of NLRP3 (1.0 ± 0.9 versus 2.6 ± 1.0, p \ 0.001), caspase-1 (1.0 ± 0.2 versus 2.1 ± 0.7, p = 0.054), and IL-1b (1.0 ± 1.3 versus 10.1 ± 8.4, p = 0.001) was greater in the Modic changes group than in the control group ( Fig. 2A-C) . The quantitative Western blot analysis data of NLRP3, caspase-1, and IL-1b were 10,563 ± 806 versus 2121 ± 362, p = 0.015; 7695 ± 327 versus 1934 ± 56, p \ 0.001; and 5201 ± 697 versus 1204 ± 90, p \ 0.001 ( Fig. 2D-G) . Together, these results suggested that enhanced NLRP3, caspase-1, and IL-1b expression is correlated with cartilaginous endplate degeneration in patients with Modic changes. Furthermore, extensive immunostaining of NLRP3, caspase-1, and IL-1b in human lumbar cartilaginous endplate was noted in the Modic changes group, whereas fewer immunopositive cells could be observed in the control group. The percentage of immunopositive cells of NLRP3, caspase-1, and IL-1b in the Modic changes group was higher than that of the control group (43% versus 7%, p \ 0.001, odds ratio [OR] = 6; 40% versus 10%, p\0.001, OR = 4; 76% versus 20%, p = 0.023, OR = 4) ( Fig. 3 ).
Discussion
Inflammatory mediators may play an important role in cartilage endplate degeneration and IL-1b has been shown to be involved in the pathogenesis of osteoarthritis. However, the role of the NLRP3/caspase-1/IL-1b axis in lumbar cartilaginous endplate degeneration is unknown and we believe that if they do have a role, these inflammatory cytokines may act as novel therapy targets. Our study showed that the expression of NLRP3, caspase-1, and IL-1b was upregulated in the patients with low back pain and Modic changes observed on MR images compared with patients with vertebra burst fractures without degenerative changes observed on MR images, and this provides some preliminary evidence that the NLRP3/caspase-1/IL-1b axis is important in cartilaginous endplate degeneration pathophysiology. This axis may have an important association with Modic changes and might be the therapy target of cartilaginous endplate degeneration and low back pain.
There are several limitations to our study. First, our control patients may not be totally normal as they were patients who experienced severe trauma, which could have influenced the inflammatory changes we observed. In addition, there is a substantial age discrepancy between the two groups. However, none of the young patients in the control group had a history of low back pain, and in most cases, fracture of the lumbar vertebra happened at higher segments than in the group with Modic changes. Through preoperative and postoperative examinations, we confirmed that the cartilaginous endplates in the control group were normal, therefore, the cartilaginous endplates from the younger patients who underwent surgical treatment for trauma were the optimal choice for our study that aimed to compare the expression levels of NLRP3/caspase-1/IL-1b axis in normal and degenerative cartilaginous endplates. Additional studies are needed to investigate the inflammatory response in normal and traumatic cartilaginous endplates. Second, where the IL-1b, caspase-1, and NLRP3 in cartilaginous endplates derive from remains to be determined. To investigate whether they are from the nucleus pulposus or elsewhere remains to be shown. For example, the endplate may function as a channel for transport between the vertebral body and the nucleus pulposus. As to the activation of NLRP3, three models are supported in the literature: K+ efflux and gradual recruitment of the pannexin-1 membrane pore, lysosomal damage induced by crystalline or particulate structures, and the generation of reactive oxygen species (ROS) [39, 40, 44] . Qin et al. [36] reported that Propionibacterium acnes-induced human monocytes secrete mature IL-1b via the NLRP3-mediated pathway. Chen et al. [7] showed that Propionibacterium acnes could induce Modic changes when inoculated into the discs of rabbits. Nevertheless, additional studies are required to explore the origin of cartilaginous endplate degeneration.
In the current study, we found that gene and protein expression of IL-1b was at higher levels in the samples with Modic changes. Some studies have shown that intervertebral disc degeneration is inseparably linked with cartilaginous endplate degeneration [14, 31] and Modic changes [47] . The cartilaginous endplate is indispensable to maintain the structural and functional integrity of local structures in the lower lumbar vertebral bodies [34] . In addition, cartilaginous endplate degeneration may act as a trigger for intervertebral disc degeneration and low back pain. Others have reported that the degenerative changes of the cartilaginous endplate can result in decreasing nutrient supply, low oxygen tension, and accumulated lactic acid, which accelerate the degeneration process [5, 15, 45] . Furthermore, cartilaginous endplate degeneration of the internal generation of inflammatory substances can lead to local inflammation through the endplate diffusion and then upregulate inflammatory cytokines and thereby accelerate the pathophysiology of nucleus pulposus degeneration [8, 32] . Modic changes are MRI signal changes in the vertebral body adjacent to the endplate, which are correlated with degeneration in the extracellular matrix [6] . There are two essential metabolic activities for extracellular matrix maintenance, anabolism and catabolism, and the latter plays a more important role in extracellular matrix degeneration [50] . Some proinflammatory cytokines that are believed to be the key mediators of this degeneration process, including IL-1b, have been implicated [18, 35] . Studies have shown that IL-1b increased a disintegrin like and metalloproteinase thrombospondin type I motifs and matrix metalloproteinase expression, which is important in the pathogenesis of cartilaginous endplate degeneration [6, 27, 43] .
Our study showed that the expression of NLRP3, caspase-1, and IL-1b was upregulated in the patients with low back pain and Modic changes observed on MR images compared with patients with vertebra burst fracture without degenerative changes observed on MR images. Proinflammatory stimuli induce expression of the inactive IL-1b proform, but the activity, maturation, and secretion are controlled by inflammasomes and caspase-1 [25, 39] . The activity of caspase-1 was controlled by NLRP3 inflammasomes, and caspase-1 mediates the signaling pathways of inflammation. Afterward, the expression of proinflammatory factors such as IL-1b will upregulate. Inflammasomes are vital signaling platforms that detect pathogenic microorganisms and sterile stressors [21] . The NLRP3 inflammasome, which functions as a molecular platform, includes the NLRP3 scaffold, the ASC adaptor, caspase-1, and the effector molecule IL-1b [4] . We observed a marked increment of the NLRP3/caspase-1/IL-1b axis levels in the patients with Modic changes.
Previous research indicated that dysfunction of the NLRP3 inflammasome and its final breakdown product IL-1b plays a vital role in the pathogenesis of diseases such as chronic kidney disease [46] , gastric tumors [41] , fibromyalgia [9] , and coronary artery disease [38] . Moreover, in the research of osteoarticular diseases, some investigators showed that caspase-1 was a risk factor that had close contact with osteoarthritis and accelerated the destruction of articular cartilage [13, 19, 37] . However, there have no published studies, to our knowledge, regarding the relationship between the NLRP3/caspase-1/IL-1b axis and Modic changes. The data presented in the current study suggest a positive correlation between them.
We believe that the extracellular matrix in the cartilaginous endplates of patients with Modic changes are degraded in comparison to the extracellular matrix in the control group and the expression of the NLRP3/caspase-1/ IL-1b axis in the cartilaginous endplates with Modic changes was upregulated compared with in the control. The inflammatory cytokines may play an important role in the occurrence and development of lumbar cartilage endplate degeneration and may act as novel and effective therapy targets. If these findings can be confirmed by others, we hope that new and effective therapies could be developed directed against this target.
